An on-line lead preconcentration and determination system implemented with inductively coupled plasma-atomic emission spectrometry (ICP-AES) with ultrasonic nebulization (USN) in association with flow injection was studied. For the preconcentration of lead, a Pb-quinolin-8-ol complex was formed on-line at pH 6.8 and retained on Amberlite XAD-16 resin. The lead was removed from the microcolumn by countercurrent elution with nitric acid. A total enhancement factor of 225 was obtained with respect to ICP-AES with pneumatic nebulization (15.0 for USN and 15.0 for the column). The detection limit for Pb for the preconcentration of a 10 mL wine sample was 0.15 mg/L. The precision for 10 replicate determinations at a Pb level of 25 mg/L was a relative standard deviation of 2.5%, calculated from the peak heights obtained. The calibration graph obtained by using the preconcentration system for lead was linear with a correlation coefficient of 0.9995 for levels near the detection limit up to ³ 1000 mg/L. The method was successfully applied to the determination of lead in wine samples.
T he main sources of lead intake in humans are inhaled air, diet, and drinking water (1) . It is the ingested lead from the diet, however, that constitutes the highest percentage of the total lead intake (1), and it is well known that one of the factors increasing the intestinal absorption of lead is the presence of alcohol (1, 2) . Therefore, the determination of lead in beverages is important, particularly in those with considerable alcohol content such as wine. Although the lead content of wine may vary within a broad range, maximum permissible levels between 0.1 and 0.3 mg/L have been reported for lead in wine.
The determination of low concentrations of lead in wine samples requires powerful techniques, and only a few techniques have sufficient sensitivity. Inductively coupled plasma-mass spectrometry has been used for the determination of lead (3, 4) ; however, the cost of such instrumentation may be prohibitive for many laboratories. Likewise, electrothermal atomic absorption spectrometry has been used to determine lead in wine (5) (6) (7) .
Although hydride generation (HG) is used with inductively coupled plasma-atomic emission spectrometry (ICP-AES) for the determination of trace levels of lead (8, 9) , instability at room temperature as well as slow kinetics and relatively poor generation efficiency are well-known characteristics of PbH 4 and must not be disregarded (9) .
On the other hand, if conventional ICP-AES (without HG) is used, the low levels of lead in wine are not compatible with the determination limit of this technique. To achieve accurate, reliable, and sensitive results, preconcentration and separation procedures are needed when the analyte concentrations in the original material or the prepared solution are too low to be determined directly by ICP-AES.
Preconcentration is an effective means for extending the detection limits of ICP-AES methods. However, when practiced manually in the batch mode, the operations are usually too tedious to be compatible with the ICP-AES measurements. This situation has been improved significantly by using flow injection (FI) with ICP-AES (10, 11) , so that the general drawbacks of batch preconcentration procedures have been largely eliminated; currently on-line preconcentration can be achieved almost as efficiently as a simple ICP-AES determination. Reagent consumption is decreased usually to a few percent of the amounts needed in batch procedures, and requirements for trace analysis in the laboratory environment are much less stringent. In fact, until now the most dramatic improvements in FI-ICP-AES have been in the field of on-line preconcentration. On the other hand, the use of an ultrasonic nebulizer can provide a 5-to 50-fold improvement in detection limits (12) (13) (14) .
To be used as packing in preconcentration columns for FI (15) , materials must meet several requirements. Among these are appropriate kinetic and mechanical conditions so that the analyte can be easily retained and eluted, and the capacity for several retention and elution runs to be performed without exhausting the column material. Amberlite XAD resins meet many of these requirements. Because they have good physical properties such as porosity, uniform pore-size distribution, high surface area as a chemically homogeneous nonionic structure, and good adsorbent properties for large amounts of uncharged compounds (16), they have been used as supports for the immobilization of chelating agents and metal complexes (17) (18) (19) .
Quinolin-8-ol forms stable complexes with numerous metal ions (11, 20) and is, therefore, a suitable reagent for lead preconcentration on an XAD resin (21) .
In this paper, a method is proposed for the preconcentration and determination of lead in wine samples, using a microcolumn filled with a macroporous Amberlite XAD-16 resin. Lead is retained as the Pb-quinolin-8-ol complex. Determination is by ICP-AES in association with FI methodology and an ultrasonic nebulization (USN) system. The use of an additional ICP-AES HG system (22) was avoided by means of the USN system, which simplified the whole measurement procedure. (f) Ultrapure water (18 MW·cm) .-Obtained from an EASY pure resevoir feed (RF; Barnstead, Dubuque, IA).
Experimental

Reagents
All reagents were analytical-reagent grade, and the presence of lead was not detected in the working range. The operating conditions for the ICP spectrometer were as follows: RF generator power, 1.0 kW; frequency of RF generator, 40.68 MHz; plasma gas flow rate, 8.5 L/min; auxiliary gas flow rate, 1.0 L/min; observation height (above load coil), 15 mm; and analytical line: Pb, 220.353 nm.
The operating conditions for the ultrasonic nebulizer were as follows: heater temperature, 140°C; condenser temperature, 2°C; and nebulizer gas flow rate, 0.7 L/min.
The flow injection system used is shown in Figure 1 .
(e) Rotary value.-Rheodyne Model 50 4-way (Cotati, CA) was used for sample injection.
(f) Microbore glass column.-50 mm length × 3 mm id, fitted with porous 25 µm fritted glass disks; used as the resin holder.
(g) Pump tubes.-Tygon-type (Ismatec, Cole-Parmer Instrument Co., Niles, IL); used to propel the sample, reagent, and eluant.
Sample Preparation
A 1 mL portion of nitric acid was added to 10 mL sample, and the sample was allowed to evaporate in a water bath. The residues were then mineralized at 500-550°C until white ash was obtained. The ash was dissolved in 1 mL concentrated nitric acid-water (1 + 5) plus 5 mL water. The solution was heated to boiling and diluted with water to 10 mL.
Evaluation of Retention Conditions
To optimize the retention of the metal complex on the column, the following variables were assessed: pH, reagent concentration, and loading flow rate. Solutions were prepared with a known amount of lead (200 µg/L) and 5 × 10 -3 M quinolin-8-ol to form the metal complex, and the pH was varied by adding diluted HCl or NaOH solution. The solutions were mixed on-line, and the metal complex was loaded on the XAD-16 resin during 120 s. The retained metal complex was subsequently eluted with 5 mL of a 20% (v/v) HNO 3 solution into a 10 mL volumetric flask, and the contents of the flask were diluted to volume with water.
The optimum concentration of quinolin-8-ol was determined by the same procedure, at pH 6.8. Retention was assessed with respect to the loading flow rate of the solutions at flow rates between 5 and 15 mL/min by following the same procedure. The concentration of lead was determined by ICP-AES with ultrasonic nebulization. Recovery was calculated on the basis of the theoretical concentration.
Preconcentration and Determination
Before loading, the column was conditioned for the preconcentration at the correct pH with diluted buffer (1 × 10 -2 M) solution. The sample solution containing lead, at a flow rate of 8.0 mL/min, and 5 × 10 -3 M quinolin-8-ol (at a flow rate of 2.8 mL/min) with 0.2M F -and buffered to pH 6.8 with tris(hydroxymethyl)aminomethane were mixed on-line to form the metal complex. This mixture was then loaded on the XAD-16 resin, valve V in load position a (Figure 1 1.5 mL/min, directly into the ultrasonic nebulizer and subsequently the plasma.
The operating conditions were established, and the determination was performed. FI system measurements were expressed as peak-height emissions, which were corrected against the reagent blank.
Results and Discussion
The preconcentration of lead from wine samples was necessary because the lead concentration in wine can be too low to be compatible with the determination limits of ICP-AES, even when the USN and ICP-AES systems are coupled. For example, Szpunar et al. (23) reported lead concentrations as low as 10 µg/L in wine samples. The USN system, coupled to the preconcentration system, allowed the ICP-AES detection limits to be lowered to values compatible with the lead content of the wine.
Optimization of Retention Conditions
The retention conditions for the metal complex were optimized, and the lead signal was monitored by measuring it with ICP-AES while the pH of the solution passing through the sorption microcolumn was changed. This parameter is critical in the formation of the Pb-quinolin-8-ol complex and its subsequent retention in the column, because at pH values of >7.5, Ca
2+
, and Mg 2+ ions, present at elevated concentrations (on the order of 100 mg/L) in the matrix studied, form complexes with the quinolin-8-ol reagent, thus leading to resin saturation and the consequent decrease of Pb retention efficiency. Figure 2 shows that the optimal pH values were in the range of 6.0-7.5. This phenomenon is understandable, because better complexation occurs within this range. In view of these results, the pH selected was 6.8.
In the present work, a resin bead size of 20-50 mesh was considered adequate for the preconcentration procedure in the microcolumn. Smaller resin particles could have improved retention capacity, but would have increased the back-pressure of the microcolumn, and the flow rate would have had to be reduced, with the subsequent increase in preconcentration time.
Our choice of the Amberlite XAD-16 resin was influenced by the fact that it is highly stable in both acidic and basic solution, and it exhibits an adequate surface area. These properties allow the use of the microcolumn for an indefinite number of samples without degradation of performance, when 20% (v/v) HNO 3 is used as the eluant. Besides, many researchers have studied the behavior of Amberlite XAD resins as adsorbents of organic substances and as supports for chelating agent-impregnated resins (20, 21) . Parrish (21) considered the greater water retention of Amberlite XAD as the most important factor for a better exchange rate, independent of surface area and pore diameter.
In the adsorption process, the hydrophobic portion of the adsorbate molecule is preferentially adsorbed on the hydrophobic polystyrene surface of the resin, while the hydrophobic section of the adsorbate remains oriented in the aqueous phase. The adsorption forces are primarily Van der Waals type (20, 21) .
The dimensions of the microcolumn used in the present work were optimized by us previously (24, 25) .
The optimal concentration of the quinolin-8-ol complexation reagent was determined by taking into consideration the concomitant elements in wine. Thus, 5 × 10 -3 M quinolin-8-ol was adopted as the working concentration.
The flow rate of the sample through the microcolumn is a very important parameter, because this is one of the factors that controls the time of analysis. It was verified that with flow rates up to 8 mL/min there was no effect on analyte recovery, which under optimum conditions was approximately 90%. At higher flow rates, recovery decreased (Figure 3) . 
Optimization of Elution Conditions
To elute lead adsorbed on the resin, countercurrent elution (i.e., reversal of the flow direction with respect to sample loading) was used with HNO 3 as the eluant. The minimum concentration of HNO 3 needed to achieve the best results was 20% (v/v). Countercurrent elution substantially improved the elution profiles as compared with unidirectional flow. Lead was completely eluted from the resin with 0.6 mL 20% (v/v) HNO 3 . The optimum flow rate of the eluant was 1.5 mL/min, which is compatible with the sample flow rate for the USN-ICP-AES determination.
Interferences
The effects of representative, potentially interfering species (at the concentration levels at which they may occur in the samples studied) were also tested. Among all the potential interfering elements in wine, Ca and Mg are present in elevated concentrations and form stable complexes with the quinolin-8-ol reagent at pH values of >7.5. This problem was solved by adequately regulating the pH.
On the other hand, Al and Fe, whose concentrations can reach values as high as 10 mg/L, compete with the analyte for the complexation reagent. Also, spectral interference can occur because of Al line tailing (220.462 nm line).
The interference caused by Al was eliminated by the addition of appropriate amounts of fluoride ion, which, because of a masking effect, prevents the formation of the Al-quinolin-8-ol complex and its later retention in the microcolumn. Total complexation of Pb was obtained with a 5 × 10 Commonly encountered matrix components such as alkali elements generally do not form stable complexes and are not retained on the resin.
Performance of the FI Preconcentration System
The overall time required for preconcentration of 10 mL sample (1.3 min, at a flow rate of 8 mL/min), washing (0.2 min), elution (0.4 min), and conditioning (0.3 min) was about 2.2 min; thus, the throughput was approximately 27 injections/h. The time of preconcentration is based on the assumption that the conditions for direct injection into the ICP-AES system have been optimized.
A sensitivity enhancement factor of 225 was obtained with respect to ICP-AES with pneumatic nebulization (15 for USN and 15 for the column).
The reproducibility of the preconcentration method was evaluated by passing 10 mL lead standard solution (25 µg/L) through the microcolumn and repeating this procedure 10 times. The relative standard deviation was 2.5%, calculated from the peak heights obtained. The calibration graph obtained by using the preconcentration system for lead was linear with a correlation coefficient of 0.9995 at levels close to the detection limit (DL) up to ≥1000 µg/L. The DL was calculated as the amount of lead required to yield a net peak that was equal to 3 times the standard deviation of the background signal (3σ). The value of DL obtained for the preconcentration of 10 mL sample solutions of Pb was 0.15 µg/L. Better DL values are to be expected with larger samples, but the time of analysis would increase.
Method Validation
To demonstrate the validity of the method, a 100 mL wine sample was collected and divided into 10 portions of 10 mL each. The proposed method was applied to 6 portions, and the average quantity of lead obtained was taken as a base value. The recoveries of Pb from the wine sample containing Pb at a base level of 62.8 µg/L and added concentrations of Pb ranging from 10 to 100 µg/L were 97.6-100%.
Determination of Lead in Wine Samples
A total of 10 white wines and 10 red wines of different brands were randomly chosen from supermarket shelves. The wine samples chosen were those usually consumed in Argentina.
The results of the application of the method to the determination of lead were in the ranges 27.0-91. 4 
Conclusions
The main difficulty in the determination of lead in wine is its low concentration level. The work described in this paper has shown that adequate sensitivity and accuracy can be attained by using an on-line preconcentration system with an FI-ICP-AES method.
The coupling of an on-line preconcentration system with FI-ICP-AES increases the speed of the preconcentration and analysis process and reduces sample consumption and contamination risks. The manifold presented provided a total enhancement factor of 225 with respect to ICP-AES with pneumatic nebulization (15.0 for USN and 15.0 for the column). A recovery of 90% of the Pb-quinolin-8-ol complex from the microcolumn was obtained.
This system of preconcentration in association with ICP-AES and ultrasonic nebulization allowed for lead determination in wine samples at concentrations on the order of micrograms per liter. The method showed good reproducibility and accuracy. Because procedures of mineralization and preparation of the sample for preconcentration have been shown to be suitable for the determination of lead in the wines tested, the method proposed here can be applied to other types of wine samples.
